Eucalyptus grandis (W. Hill ex Maiden) is an Australian Myrtaceae tree grown for timber in many parts of the world and for which the annotated genome sequence is available. Known to be susceptible to a number of pests and diseases, E. grandis is a useful study organism for investigating defense responses in woody plants. Chitinases are widespread in plants and cleave glycosidic bonds of chitin, the major structural component of fungal cell walls and arthropod exoskeletons. They are encoded by an important class of genes known to be up-regulated in plants in response to pathogens. The current study identified 67 chitinase gene models from two families known as glycosyl hydrolase 18 and 19 (36 GH18 and 31 GH19) within the E. grandis genome assembly (v1.1), indicating a recent gene expansion. Sequences were aligned and analyzed as conforming to currently recognized plant chitinase classes (I-V). Unlike other woody species investigated to date, E. grandis has a single gene encoding a putative vacuolar targeted Class I chitinase. In response to Leptocybe invasa (Fisher & La Salle) (the eucalypt gall wasp) and Chrysoporthe austroafricana (Gryzenhout & M.J. Wingf. 2004) (causal agent of fungal stem canker), this Class IA chitinase is strongly up-regulated in both resistant and susceptible plants. Resistant plants, however, indicate greater constitutive expression and increased up-regulation than susceptible plants following fungal challenge. Up-regulation within fungal resistant clones was further confirmed with protein data. Clusters of putative chitinase genes, particularly on chromosomes 3 and 8, are significantly up-regulated in response to fungal challenge, while a cluster on chromosome 1 is significantly down-regulated in response to gall wasp. The results of this study show that the E. grandis genome has an expanded group of chitinase genes, compared with other plants. Despite this expansion, only a single Class I chitinase is present and this gene is highly up-regulated within diverse biotic stress conditions. Our research provides insight into a major class of defense genes within E. grandis and indicates the importance of the Class I chitinase.
Introduction
The commercially important forestry species Eucalyptus grandis W. Hill ex Maiden (Flooded Gum, Rose Gum) originated in Australia and is now widely grown in plantations around the world (Boland et al. 2006) . Eucalypts provide pulp and hardwood and are valued for their rapid growth and adaptability to a range of conditions . As a listed biomass energy crop (Genomics Science Program Systems Biology for Bioenergy) and valuable forestry species, E. grandis was selected as one of the first woody plants for genome sequencing. The genome for E. grandis, from a 17-year-old inbred tree clone, BRASUZ1 (genome size of 640 Mbp, 11 haploid chromosomes), was published in 2014 . Despite the great adaptability of eucalypts, they are known to be susceptible to a range of pests and diseases (Whyte et al. 2011) . The availability of genomic sequence data for E. grandis permits investigation into defense responses following biotic challenge.
The gall wasp, Leptocybe invasa Fisher & La Salle (Hymenoptera: Eulophidae), is a devastating pest that induces gall formation, stunting and dieback in Eucalyptus plantations (Nyeko et al. 2009 (Nyeko et al. , 2010 . Resistant genotypes display evidence of oviposition holes on the midrib, shoot tip and petiole of young leaves without further gall development; however, in susceptible genotypes, the larvae develop within protective galls that coalesce and, in extreme cases, cause loss of apical dominance of the tree (Dittrich-Schröder et al. 2012) . In previous work (Oates et al. 2015) , transcriptomic responses and changes in terpene profiles were investigated in a resistant and susceptible E. grandis clone 7 days post-oviposition. The significance of this time point was that gall development had not yet initiated in the susceptible clone and thus facilitated the investigation of early transcriptional reprogramming induced by insect oviposition. Although galling insects are notorious manipulators of host defenses (Tooker et al. 2008) , in the absence of transcriptomic data of Eucalyptus-chewing insect interactions, the Eucalyptus-L. invasa interaction serves as a starting point to model Eucalyptus-insect interactions. Chrysoporthe austroafricana Gryzenhout & M.J. Wingf. 2004, a fungal pathogen, is able to cause stem canker on mature trees by entering sites of wounding, reducing wood quality and impeding growth. In artificial inoculation experiments with C. austroafricana, the lesion lengths in resistant and susceptible 1-year-old E. grandis clones were similar 3 days post-inoculation (dpi) and the pathogen showed similar localization in xylem tissue at the microscopic level (Mangwanda et al. 2016) . At 7 dpi, the lesions are significantly different in the two genotypes. Hormone profiling of inoculated clones at these time points suggested that reduction in salicylic acid and gibberellic acid levels at 3 dpi in the resistant genotype was important for the resistant outcome. Transcriptome profiling at 3 dpi supported the notion that hormone signaling pathways may contribute to resistance and the expression pattern of a selected number of genes further supported the hypothesis that a delayed defense response occurs in the susceptible interaction (Mangwanda et al. 2015) . Determining the genetic basis for resistance is a research priority.
Pathogenesis-related (PR) proteins are categorized by their up-regulation in plants under pathogen and insect attack (Edreva 2005 , Zhao et al. 2015 . Numbered in the order of description and classified by amino acid sequence and enzymatic activity (van Loon and van Strien 1999) , PR proteins are important markers for systemic acquired resistance (SAR), whereby plants exhibit rapid and effective response to a broad range of pests and pathogens following an initial single organism exposure (Fu and Dong 2013) . proteins are identified as having chitinase activity and include chitinases of Type I, II, IV, V, VI and VII (PR-3), Type I and II (PR-4), Type III (PR-8), and Type I and V (PR-11) (Edreva 2005) . Chitinases (EC3.2.1.14) are known to actively interfere with or degrade chitin, a major structural component of fungal cell walls and arthropod exoskeletons, and are therefore good targets for defense response studies (Edreva 2005 , Grover 2012 ). Most identified plant chitinases are endolytic, breaking up chitin polymers by acting on β-1,4 links of N-acetyl-D-glucosamine within the polymer chain. Chitinases in Arabidopsis thaliana (L.) Heynh. have been identified as conforming to several isoforms with active sites (amino acid sequence, conformation and biochemical activity) defining the two major glycosyl hydrolase families (GH18 and GH19) and domain structure determining the five main classes (Class I-V) (Passarinho and DeVries 2002) . Important domain components in identification and enzyme activity of chitinases are the chitin-binding and glycosyl hydrolase domains. GH19 chitinases have only been located in plants while GH18 is known to also occur within animals, fungi and bacteria (Kasprzewska 2003) . A study investigating substrate specificities in tobacco chitinases showed that GH19 enzymes acted rapidly on long polymer chains while GH18 enzymes preferentially acted on chitin oligomers in a more sustained manner (Brunner et al. 1998) , suggesting that the activity of complementary enzymes is required for effective defense.
There has, to date, been no scrutiny of the E. grandis genome to identify and characterize chitinases, though a review of PR proteins indicated that chitinase genes are more abundant in this species than in Populus trichocarpa Torr. & A. Gray ex Hook and A. thaliana (Naidoo et al. 2014) . Previous studies have identified that E. grandis inoculated with the myrtle rust pathogen, Puccinia psidii Winter, induces an increase in chitinase enzymes generally (Boava et al. 2009 ), and that a homolog for Class I chitinase (GH19) was up-regulated in resistant plants (Moon et al. 2007 ). Four putative basic chitinases were also identified as differentially expressed in resistant and susceptible E. grandis following challenge with C. austroafricana (fungal stem canker) (Mangwanda et al. 2015) . While there is evidence for upregulation of chitinases in response to insect attack (Krishnaveni et al. 1999 , there is also evidence that mechanical wounding can induce even greater PR expression, particularly in susceptible plants (Reymond et al. 2000) . It is suggested that targeted suppression of defense responses may occur in plants susceptible to insect damage (Reymond et al. 2000) , while gall insects have been shown to systemically alter plant defenses, such as chitinases and volatile compounds (Tooker et al. 2008 , Oates et al. 2015 . Nevertheless, chitinases are well known for their accumulation in response to insect stressors and, though the functional basis is unclear, there have been correlations between the types of chitinases produced and resistance to infestation (Krishnaveni et al. 1999) . It is therefore of great interest to determine the nature of resistance in challenged plants. Given the importance of chitinases in plant defense, the study of this family of genes is an important aspect of determining pest and pathogen responses in E. grandis.
The objective of the current research was to identify these genes within the E. grandis genome and classify them based on Tree Physiology Volume 37, 2017 amino acid sequences of conserved domains to permit useful downstream investigations into tree responses. Our research therefore had two approaches: the identification and classification of the chitinase gene family, and the interrogation and validation of gene expression data pertaining to two well-designed biotic stress trials. We review gene expression based on previously published studies (Mangwanda et al. 2015 , Oates et al. 2015 in clones moderately resistant, hereafter referred to as resistant, and susceptible to C. austroafricana and in clones resistant and susceptible to L. invasa, the eucalyptus gall wasp, and address the role of chitinases in pest and disease resistance.
Materials and methods

Identification of putative chitinase genes
The E. grandis annotation information file that was released as part of Phytozome v8.0 (Egrandis_201_annotation_info.txt, JGI Phytozome: The Plant Genomics Resource) was used to identify an initial list of 61 predicted chitinase genes (Goodstein et al. 2012) . Separate E. grandis-specific nucleotide Hidden Markov Models (HMMs) were constructed with 26 × GH18 and 23 × GH19 aligned nucleotide sequences using HMMER3.0 (Eddy 2010) . The E. grandis-specific HMMs were used to search for additional GH18 and GH19 chitinase gene models within the E. grandis transcript sequence data (Egrandis_201_transcript.fa) using NHMMER. All E. grandis translated sequences for gene identifiers above the NHMMER inclusion threshold were used in downstream analysis, including 36 putative GH18 and 31 putative GH19 sequences (67 in total). Two sequences identified within the annotation file (Eucgr.A02678 and Eucgr.A02680) did not fall within the inclusion threshold and were discarded from further analysis.
Alignment and phylogenetic analysis
The full GH18 and GH19 amino acid sequences were aligned using ClustalW (Thompson et al. 1994 ) with default parameters within Mega6 (Tamura et al. 2013) . As the two families share no sequence similarity, a single phylogeny was not employed. A Neighbor-Joining tree with all default settings was conducted within Mega6. Outliers used for chitinase phylogeny from A. thaliana were GI:820429 (Class I), GI:51971117 (Class IV) and GI:110740739 for GH19; and GI:145358370 and GI:119360133 (Class V) for GH18.
Identification of conserved domains
GH18 and GH19 sequences were submitted to Dialign-Pfam (Al Ait et al. 2013 ) with all default settings to identify domains. Based on scrutiny of their aligned sequences, in comparison with previous chitinase characterization in A. thaliana (Collinge et al. 1993, Passarinho and DeVries 2002) , they were Figure 1 . Physical mapping of all identified Eucalyptus grandis putative chitinases from the two glycosyl hydrolase families: GH18 (blue/green) and GH19 (red/ pink/brown). All E. grandis gene ID's labeled minus the prefix Eucgr. Locations are mapped according to base pair start positions with +/− indicating strand. The major classes are represented as follows: brown = Class I, red = Class II, green = Class III, pink = Class IV and blue = Class V. Scale bar represents Mb.
Tree Physiology Online at http://www.treephys.oxfordjournals.org determined to fall within five recognized classes within the two glycosyl hydrolase catalytic families. MEME version 4.10.1 (Multiple Expectation Maximization for Motif Elicitation) (Bailey et al. 2009 ) analysis was used to identify conserved motifs based on A. thaliana chitinases (Passarinho and DeVries 2002) using default parameters. The MEME results, together with multiple sequence alignments, aided identification of the conserved domains. A subset of the translated sequences, using genes that were significantly differentially regulated in two biotic treatments, were aligned using the Clustal algorithm in the BioEdit (Hall 1991) software package (see Figures 3 and 4 ). GH18 and GH19 predicted sequences were also searched, using BLAST, for vacuolar targeting sequences in accordance with described motifs (Nakamura and Matsuoka 1993, Neuhaus et al. 1994 ).
Physical cluster analysis
Clusters and superclusters of predicted chitinase genes were identified based on previously defined criteria (Christie et al. 2016) . In brief, a gene cluster is a genomic region containing at least three chitinase genes, (i) with fewer than nine other genes between neighboring chitinase genes and (ii) in which two neighboring chitinase genes are <250 kb apart; a gene supercluster is a genomic region containing at least one chitinase gene cluster and at least two additional chitinase genes, (i) with <99 other genes between neighboring chitinase genes and (ii) in which two neighboring chitinase genes are <2500 kb apart.
Visualization of chitinase genes on chromosomes
The positions of the GH18 and GH19 classes of putative chitinase genes were visualized by mapping to the 11 E. grandis chromosomes using base pair start positions in Mapchart2.2 (Voorrips 1994) (Figure 1 ).
Chitinase predicted protein structure
The peptide sequence of the single identified Class IA chitinase (Eucgr.I01495) was submitted to the I-Tasser server (I-TASSER: Protein structure and function predictions, Roy et al. 2010 ) to determine predicted protein structures. The resulting protein model was compared with the closest structural homolog, a crystal structure for Class I chitinase from Oryza sativa L. japonica Figure 2 . Evolutionary relationships of Eucalyptus grandis putative chitinase genes from two glycosyl hydrolase families: GH18 (A) Class III (green) and V (blue), and GH19 (B) Class IV (pink), Class II (red), Class I (brown) chitinase gene models. Eucgr.I01495 (black dot) was the only Class I chitinase. Putative genes that had no expression profiles are noted with square. The evolutionary history was inferred using the Neighbor-Joining method. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the p-distance method and are in the units of the number of amino acid differences per site. Scale: 0.05 or 0.1 substitutions per site. Evolutionary analyses were conducted in MEGA6 (Tamura et al. 2013 ).
Tree Physiology Volume 37, 2017 Tree Physiology Online at http://www.treephys.oxfordjournals.org Figure 4 . Alignment using ClustalW multiple alignment in BioEdit, of significantly differentially expressed Eucalyptus grandis putative GH19 sequences following treatment with Chrysoporthe austroafricana and Leptocybe invasa. Shaded amino acids are 70-100% homologous. Underlined regions indicate domain homology for chitin-binding domain (amino acid residues 35-63) and GH19 (residues 89-320). Red lines over sequences indicate active sites as defined by residues within 0.6 nm of bound substrates (Bishop et al. 2000) . Orange box indicates C-terminal extension for vacuolar targeting. Light gray line over sequence indicates signal sequence and dark line indicates (residues 65-80) proline/glycine-rich hinge region. Red boxed residues are essential for catalytic activity or enzyme function in Class I chitinases (Bishop et al. 2000) . Eucgr.J02518, Eucgr.J02519, Eucgr.L00937, Eucgr. L00939 and Eucgr.L00941 do not have the chitin-binding domain, indicating that they are Class II. Two apparent insertions that the Class II genes share with Eucgr.I01495 from residues 163-178 and residues 245-265 are actually deletions in the other sequences, therefore determining these peptides as Class II and Class I, respectively. Blue box 1 (dot-dash line) (Passarinho and DeVries 2002) .
Tree Physiology Volume 37, 2017 (Kezuka et al. 2010 ) and catalytic sites were identified based on previously identified residues (Bishop et al. 2000) .
Chitinase TM motifs and cleavage sites identified
The sequences of translated putative GH18 and GH19 chitinase genes were run through a protein TM and cleavage site prediction server to identify motifs (TMHMM Server v. 2.0 Prediction of transmembrane helices in proteins, Emanuelsson et al. 2000) ( Table 1) .
Biotic stress trials
Resistant and susceptible clones of E. grandis were challenged with the fungal stem canker pathogen (C. austroafricana) and leaf gall wasp (L. invasa) as previously described (Mangwanda et al. 2015 , Oates et al. 2015 . Briefly, stem samples were harvested around the inoculation site of three biological replicates (three ramets of each) from moderately resistant and susceptible 1-year-old E. grandis clones 3 dpi (C. austroafricana). At this time point, no difference in lesion lengths was observed between the moderately resistant and susceptible genotypes. Control plants of the biological replicates (three ramets of each) were mock inoculated (Mangwanda et al. 2015) . All plants were grown under controlled conditions in a randomized block trial. Gall wasp trials were conducted on 2-year-old resistant and susceptible E. grandis clones (three ramets of each) which had been coppiced and allowed to regrow for 4 months. Control plants were grown in wasp-proof mesh while treatment plants were exposed to natural infestation. Infested and uninfested leaf samples were collected 7 days post-oviposition with L. invasa. At this time point, oviposition holes were evident in both genotypes; however, galls had not started to develop in the susceptible genotype as of yet. Total RNA was extracted and sent to the Beijing Genome Institute (BGI) for RNA-Sequencing using the Illumina Genome Analyser with a 50-bp paired end module (Illumina, San Diego, CA, USA) (described by Mangwanda et al. 2015 and Oates et al. 2015) .
RNA-Seq data analysis
RNA-Seq data, generated in Mangwanda et al. (2015) and Oates et al. (2015) , were analyzed using the Galaxy workspace as previously described (Christie et al. 2016) . In brief, FASTQC v0.52 was used to verify RNA-Seq data quality. Reads were mapped to the E. grandis v1.1 genome assembly using Bowtie (Langmead et al. 2009 ) and Tophat2 v2.0.9 ). Unique reads as well as reads that mapped to <20 locations were used, but fragment bias correction and multi-read mapping correction was applied in Cuffdiff (Trapnell et al. 2010 , Roberts et al. 2011 . Mapped reads were assembled into transcripts and fragments per kilobase of exon per million fragments mapped (FPKM) values were calculated with Cufflinks v2.1.1 (Trapnell et al. 2010) . Quartile normalization was conducted in Cufflinks. The Eucalyptus data sets supporting these results are available in the NCBI Gene Expression Omnibus repository for C. austroafricana challenge (GSE67554: Mangwanda et al. 2015) and NCBI BioProject ID PRJNA305347 for L. invasa challenge (Oates et al. 2015) .
Chitinase transcript expression analysis
Expression profiles for the putative chitinase genes were extracted from a transcriptome-wide expression matrix using a custom Python script. Expression data were only available for genes in E. grandis v1.1. Analysis of variance for putative chitinase genes from treatment, control, resistant and susceptible groups was performed in GenStat (v. 16.2.0.11713, VSN International, Hemel Hempstead, UK). False discovery rate calculations on analysis of variance (ANOVA) P-values, using a less stringent cutoff, produced similar results. We therefore proceeded with analysis on ANOVA P-values using the 'treatment' effect only. Interaction effect ('treatment × genotype') was largely non-significant indicating that significant 'treatment' P-values are due to treatment response. The E. grandis data sets from both C. austroafricana and L. invasa were analyzed separately. Expression analysis was based on the log 2 fold change of inoculated versus control samples. Genes in resistant and susceptible plants were considered up-or down-regulated if their log 2 gene expression ratios were greater than 1 or less than −1. Differential expression was determined by taking significant P-values (<0.05 = *, <0.005 = **, <0.0005 = ***) from the ANOVA by treatment and comparing these data with fold change values. Heatmaps that depict gene expression (as log 2 of the normalized read count (FPKM)) of both gene expression and treatments were drawn in R studio (v. 0.98.981, RStudio Team 2015) using the gplots and RColorBrewer packages. Color breaks were non-linear at 1, 10 and the maximum log 2 FPKM value, using red: 0-1 (very low-low expression), yellow: 1-10 (low to medium expression) and green: 10-220 (medium to very high expression).
Chitinase primer design
The putative E. grandis Class IA gene and a housekeeping gene (Elongation factor S-II, Eucgr.A00774) were used to design primers using Primer3 version 0.4.0 (http://frodo.wi.mit.edu/). Forward and reverse primers derived from these were individually run through BLAST against the E. grandis genome within Phytozome (v.1) for target specificity and then checked in MWG Operon oligo analysis tool (Eurofins Scientific, Luxembourg) for sequence complementarity. Primers were ordered from Macrogen (Macrogen, Seoul, South Korea), tested on complementary DNA (cDNA) using Kapa SYBR ® FAST mastermix with the following thermocycle conditions: one cycle of 95°C for 2 min then 40 cycles of 95°C for 30 s, 60°C for 30 s and 72°C for 1 min followed by cycle of 72°C for 5 min. Resulting amplicons were visualized using 2% agarose gel electrophoresis and sequences validated with Macrogen EZI-seq.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Table 1 . Putative (A) GH18 chitinase genes and (B) GH19 chitinase genes expressed following biotic challenge; insect (Leptocybe invasa, L.i.) and fungal (Chrysoporthe austroafricana, C.a.) in resistant (R) and susceptible (S) Eucalyptus grandis clones; fungal (Calonectria pseudoreteaudii, C.p.) resistant Eucalyptus tereticornis x E. urophylla. Transcription System (Promega, Madison, WI, USA), with RNA isolated from moderately resistant and susceptible clones of E. grandis inoculated and mock-inoculated with C. austroafricana, was generated in the study by Mangwanda et al. (2015) and kindly provided as a gift. Insufficient cDNA was extracted from one biological replicate (R3), made from a pool of six ramets of the moderately resistant clone, and therefore was not included in quantitative reverse-transcriptase PCR (qRT-PCR). The Class IA chitinase (F: ACGTTAGTGGCCTCATCTCG, R: CGTTTCATGGGAAG TCTGTG) and housekeeping gene (Eucgr.A00774), Elongation factor S-II (F: TCCAATCCGAGTCGCTGTCATTGT, R: TGATGAG CCTCTCTGGTTTGACCT) primer pairs were run separately on 96-well plates (20 µl) using BioLine SensiFASTTM SYBR No-ROX Kit with resistant and susceptible samples of both inoculated and control cDNA. Serial dilutions of cDNA (neat (~100 ng), 1 in 5, 1 in 25, and 1 in 125) were loaded in triplicate (1 µl per 20 µl sample volume). PCR thermocycle conditions were as per primer assay (annealing temperatures for both primer pairs were 60°C). Melt curve analysis was performed; 65-95°C with 0.5°C increments every 15 s. Relative chitinase gene expression in inoculated plants in relation to control plants was calculated, with calibration to the reference gene, EFs-II, using efficiency corrected calculation models based on multiple samples according to the following equation (Pfaffl 2001 ): Significance by treatment identified (inoculated vs control; *P < 0.05, **P < 0.005, ***P < 0.0005) as well as log 2 gene expression ratios greater than 1 (up) or smaller than −1 (down). noExp indicates no expression data. a Chitinase class (I-V). b Predicted TM region: Intra = predicted large intracellular region; Extra = predicted large extracellular region. where E is efficiency of amplification and delta Ct is the change in threshold cycles of amplification. Efficiency (E) was calculated using linear regression slopes of mean Ct values against the logarithmic value of cDNA concentrations using the equation below (Pfaffl 2001) . A minimum of three data points were used for regression equations.
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Availability of data
RNAseq data are available at NCBI Gene Expression Omnibus repository for C. austroafricana challenge (GSE67554: Mangwanda et al. 2015) and NCBI BioProject ID PRJNA305347 for L. invasa challenge. All additional data are available in the Supplementary Data. Tree Physiology Volume 37, 2017
Results
Identification of putative chitinase genes
Our search for chitinase genes identified 67 putative genes within two major glycosyl hydrolase families, GH18 and GH19. Within the five recognized plant chitinase classes, we identified a single Class I, 16 Class II, 10 Class III, 14 Class IV and 26 Class V sequences. Figure 1 visualizes the locations of putative genes, from GH18 and GH19 families and Classes I-V, on the 11 E. grandis chromosomes and indicates that the classes are generally clustered on different chromosomes. In particular, all Class V genes are located on chromosome 3 and most Class III genes are located on chromosomes 5 and 11. This phenomenon is also observed in P. trichocarpa chitinases (Jiang et al. 2013 ).
Alignment and phylogenetic analysis
Sequences within the two GH families are highly conserved according to their evolutionary relatedness (Figure 2 ). Within the phylogenetic analysis, both the GH19 and GH18 sequences separated out to the defined classes of chitinases (GH19 to Classes IV and II, GH18 to Classes III and V). The single Class I sequence aligned with the single A. thaliana Class I sequence within the Class II group as expected, due to the full-length GH19 domains known for these classes (Collinge et al. 1993 ). The phylogenetic clustering of putative chitinase genes supports recently evolved and syntenic duplications on chromosomes, in particular for Eucgr.H00321-H00328. Some unassigned putative genes (gene identifiers represented by Eucgr.L) were closely aligned with chromosome-assigned genes, indicating potential allelic variants probably located within clusters, for example Eucgr.L00937-L00938, within the subbranch of Class II (cluster J-1) on chromosome 10 ( Figure 2B and see Table S1 available as Supplementary Data at Tree Physiology Online). Other examples were Eucgr.L00615 and Eucgr.L02946 aligning with Class V genes (cluster C-4) on chromosome 3 and Eucgr.L03478 within Class III genes Tree Physiology Online at http://www.treephys.oxfordjournals.org (cluster K-1) on chromosome 11 (Figure 2A and see Table S1 available as Supplementary Data at Tree Physiology Online).
Conserved domains and classification
Eucalyptus grandis chitinase sequences have conserved domain structures in accordance with previously described plant chitinases (Collinge et al. 1993, Passarinho and DeVries 2002) . The alignment and MEME analysis of GH18 and GH19 sequences enabled the diagrammatic representation of these domains and facilitated classification of genes in accordance with the recognized classes of plant chitinases (Figures 3 and 4 , and see Figure S1 available as Supplementary Data at Tree Physiology Online). A point of difference identified within E. grandis was the absence of a proline/threonine-rich hinge region in the single Class I chitinase (Eucgr.I01495). A glycinerich (G) hinge is, however, evident as was also determined in P. trichocarpa (Davis et al. 1991) .
Sequences homologous to the active sites of chitinases (Bishop et al. 2000) were identified within E. grandis sequences (Figures 3 and 4 , boxed in red) and within the protein model for the Class I chitinase (Eugr.I01495) (see Figure S3 available as Supplementary Data at Tree Physiology Online). Furthermore, homology to proline/threonine-rich hinge regions (Collinge et al. 1993) , as well as N-terminal signal sequences, believed to target the gene products to the apoplast (Passarinho and DeVries 2002) , were present in Class IV E. grandis sequences (Figures 3 and 4) . The Eucgr.L00941 (Class II) sequence has a deletion from residues 160-210, which it shares with Eucgr. H00322 (Class IV). The deletion includes three identified active sites indicating that chitinase catalytic activity may be reduced or may not be the primary function of these proteins. Apparent insertions within the GH19 domain of Eucgr.I01495, Eucgr. J02518/9 and Eucgr.L00937/39/41 are in fact deletions in the other sequences, determined by referencing the domain structures of chitinase classes.
Class I and IV E. grandis sequences contain chitin-binding and GH19 catalytic domains while Class II contains only the GH19 domain. Classes III and V contain GH18 catalytic domains while Class V can also contain chitin-binding domains (Passarinho and DeVries 2002) , though this is not seen in E. grandis. Eucalyptus grandis Class IV chitinases contain deletions within the chitinbinding and GH19 domains making the sequence shorter, as previously identified for plant chitinases (Grover 2012 ). Both Eucgr.H00329 and Eucgr.H00320 contained GH19 domains with deletions matching Class IV chitinases; however, they did not contain chitin-binding domains expected with this class. The characteristic C-terminal vacuolar targeting sequence was evident in the single E. grandis Class I chitinase (Eucgr.I01495), thereby determining it as Class IA (black dot, Figure 2B ) (Nakamura and Matsuoka 1993, Kasprzewska 2003) . The C-terminal extension sequence 'GLLVDTM' from amino acid residues 331-337 (Figure 4 ) matches the sequence determined in Casuarina equisetifolia (L.) (Veluthakkal and Dasgupta 2012) , but varies slightly from the A. thaliana and Arabis parishii S.Watson C-terminal extensions 'GLLEAAI' and 'GLLGAAI', respectively (Bishop et al. 2000, Passarinho and DeVries 2002) .
Other domains
Nine putative Class V sequences, all located on chromosome 3, incorporated predicted protein-kinase domains, with a subset of these (Eucgr.C00396, Eucgr.C00386 and Eucgr.C00384) having homology with aminoglycoside phosphostransferase (APH) domains (PF01636), noted for antibiotic resistance to aminoglycosides. One of the nine sequences, Eucgr.C00386, incorporated a predicted transmembrane (TM) motif. Six other Class V sequences (Eucgr.C01666, Eucgr.C01669, Eucgr.C01977, Eucgr.C01978, Eucgr.C01979 and Eucgr.C01980) included both GH18 and GH85 domains, with four of these having predicted TM motifs. One Class III peptide (Eucgr.K00313) had a predicted central domain for Cyclin-dependent kinase inhibitor 3. Of the GH19 peptides, additional domain predictions included: Legume Lectin domain (Eucgr.I02271), Ornatin domain (glycoprotein antagonist) (Eucgr.L00939) and Rifampin ADP-ribosyl transferase (Eucgr.A00021 and Eucgr.H00320) (see Table S1 available as Supplementary Data at Tree Physiology Online).
Physical cluster and supercluster analysis
We identified 11 clusters and 1 supercluster of chitinase genes within the E. grandis genome assembly (Table 1) . Only 8 putative chitinases were singletons and 10 were not chromosomeassigned (Eucgr.L gene identifiers). A region of E. grandis chromosome 8 ( Figure 5A ) shows the clustering of 10 predicted Class IV chitinases (Eucgr.H00320-Eucgr.H00329) within 130 kb. All of these genes have high sequence homology. A chromosome 9 genomic region ( Figure 5B ) had three Class II chitinases (Eucgr.I00240, Eucgr.I02242, Eucgr.I02246) alongside three predicted protein-kinase leucine-rich repeat (LRR) genes (Eucgr.I02248, Eucgr.I002251, Eucgr.I02256), known to be important in plant defense.
Predicted chitinase TM regions and cleavage sites
Transmembrane regions were predicted for 24 chitinase sequences including; 1 Class II, 7 Class III, 7 Class IV and 9 Class V (Table 1) . Depending on the location of the predicted TM motif, the sequence presents a large intra-or extracellular peptide, perhaps suggesting a role in chitin perception (Kaku et al. 2006) . Predicted N-terminal cleavage sites, indicating secretion of mature proteins, were identified for 26 of 36 of the GH18 peptides and 27 out of 31 GH19 peptides. Predicted localization for mature proteins indicated that 53 putative Tree Physiology Volume 37, 2017 chitinases are secreted (see Table S1 available as Supplementary Data at Tree Physiology Online).
Chitinase expression in response to fungal pathogen and insect pest
Broad gene expression analysis identified 26 expressed GH19 genes of the 31 gene models and 31 expressed GH18 genes of the 36 gene models. Notably, the single Class IA chitinase (Eucgr.I01495) constitutive expression is high in the fungal (C. austroafricana) treatment model, compared with other chitinases, and is also significantly up-regulated across both resistant and susceptible plants ( Figure 6A ). For example, in resistant control plants the mean normalized log 2 of FPKM values was 107.7 (98.3 in susceptible) while in the inoculated plants the value was 409.1 (287.1 in susceptible). As a comparison, the mean normalized log 2 of FPKM values for all other chitinase genes (excluding Eucgr.I01495) in resistant control plants was 8.9 while in the inoculated plants the value was 14.5. While the constitutive expression of Class IA chitinase within the insect (L. invasa) treatment model was not high, the up-regulation in comparison with other chitinases was significant in resistant plants (P-value <0.01) ( Figure 6B ).
Other interesting expression changes include a single putative Class IV chitinase (Eucgr.A00021) significantly up-regulated only within the resistant plants in response to C. austroafricana (Table 1B, Figure 7C ). The same transcript was significantly down-regulated in response to L. invasa in both resistant and susceptible plants ( Figure 7D) . A cluster of putative Class IV chitinases on chromosome 8 were differentially expressed in resistant and susceptible plants in response to C. austroafricana, but no significant expression was present with L. invasa challenge (Table 1B) . Putative Class V chitinases within cluster C-1 were significantly up-regulated in both treatments (fungal and insect). Specifically, Eucgr.C00395 was up-regulated across resistant and susceptible plants while the insect-resistant plants also had high expression of Eucgr.C00397. Up-regulation for C. austroafricana challenge was determined for two putative Class V chitinases (Eucgr.C04051 and Eucgr.L00615) while these same transcripts were down-regulated in response to L. invasa. Putative Class III chitinases were not significantly differentially expressed in either treatment, though expression was increased for Eucgr.E00090 (susceptible) and Eucgr.E00091 and Eucgr. L03478 (moderately resistant) in response to C. austroafricana.
While the ANOVA interaction effect ('treatment × genotype') was largely non-significant, indicating that significant 'treatment' P-values are due to true treatment response, there was a strong interaction effect (interaction P-value <0.0005) for one of our very significant resistant treatment (treatment P-value <0.0005) candidates: Eucgr.A00021 (C. austroafricana). A single significant resistant treatment (treatment P-value <0.0005), Eucgr.C00397 (L. invasa), had an interaction P-value <0.005. The treatment × genotype interaction effect of these two genes may influence the strong treatment effect that we observe. Of the following strong treatment effect candidates ('***' in Table 1 ), interaction effect P-values were <0.05: Eucgr.C04051, Eucgr.I01495, Eucgr.J02519, Eucgr. L00615, Eucgr.L01120 (C. austroafricana) and Eucgr. C00395 (L. invasa).
Validation of Class IA chitinase expression
The relative expression of Class IA chitinase (Eucgr.I01495) was higher in both susceptible and resistant plants, 3 days following C. austroafricana inoculation (see Figure S2A available as Supplementary Data at Tree Physiology Online). The ratio of gene expression change was determined with amplification efficiency calculations from serial dilutions of a reference gene (Elongation factor S-II) and Class IA chitinase (Pfaffl 2001) ; however, efficiencies were not highly consistent. Nevertheless, results from qRT-PCR were in accordance with expression data derived from RNAseq for the Class IA chitinase (Figure 7) . Regression of FPKM fold change values against qRT-PCR fold change confirmed this (R 2 = 0.89, slope = 1.33). Of interest, the fold change for resistant plant two (R2) was not as high as for other plants; however, constitutive expression, in controls, was much higher in this plant (see Figure S2B available as Supplementary Data at Tree Physiology Online).
Discussion
Expansion of chitinases in Eucalyptus grandis
Here, we have identified and described the expression profiles of the putative chitinase gene family within the E. grandis genome assembly. We identified 67 chitinase gene models within two major families of endochitinases present in plants, GH18 and GH19. Of the 67 putative chitinase genes, we found expression data for 57 which represents a gene expansion in E. grandis compared with other plants. Previous analyses of chitinases within woody plants have identified 39 Hevea brasiliensis (Willd. ex A.Juss.) Muell.Arg. and 37 (P. trichocarpa) (Jiang et al. 2013 , Misra 2015 , while in non-woody plants 24 (A. thaliana) and 37 (Oryza sativa) have been identified (Passarinho and DeVries 2002) . The tandem duplication of defense-related proteins has previously been reported for E. grandis in support of our findings (Naidoo et al. 2014 , Christie et al. 2016 , while the identified clustering and phylogenetic analysis of putative chitinases within the current study further establishes this phenomenon (Figures 1 and 2) . The E. grandis genome contains 36 predicted GH18 and 31 predicted GH19 gene models within five recognized classes; 1 Class I, 16 Class II, 10 Class III, 14 Class IV and 26 Class V. The comparative numbers in H. brasiliensis and P. trichocarpa for these classes were fewer, except for Class III (16 and 13, respectively) and Class I (7 and 11, respectively) (Jiang et al. 2013 , Misra 2015 . We note that, despite an expansion of Tree Physiology Online at http://www.treephys.oxfordjournals.org chitinase genes, a single putative Class IA chitinase is identified for E. grandis. Known to be up-regulated in response to biotic stress we identified and validated the single Class IA chitinase transcript to be highly up-regulated in E. grandis under different biotic stresses (Table 1) .
It has been speculated that Class I, II and IV chitinases are involved in the enzymatic hydrolysis of soluble chitin polymers in the apoplast, which results in oligomer fragments that may be further cleaved by Class III chitinases (Collinge et al. 1993) . Classes IA and V, which are more effective against crystalline chitin, are believed to be activated once hyphae penetrate the cell and the vacuolar contents are released (Kasprzewska 2003) . The sequences representing the active sites of Class IA chitinases are under diversifying selection, probably driven by pathogen evolution (unlike secreted chitinases, which have highly conserved active sites) (Bishop et al. 2000) . The E. grandis Class IA chitinase gene model includes the C-terminal vacuolar targeting sequence characterizing Class IA chitinases (Nakamura and Matsuoka 1993, Kasprzewska 2003) . Though the presence of the C-terminal extension suggests vacuolar targeting, the Nterminal signal sequence indicates secretion. Class I chitinase genes within many species are present in two isoforms, Class IA and IB, with the presence of the vacuolar targeting sequence signifying Class IA and the absence of this motif signifying secretion (Renner and Specht 2012) . The identification of only one Class I chitinase within E. grandis, and such high expression observed in response to pest and pathogen, suggests that the enzyme may be variously ascribed (secreted or vacuolar) based on other cellular conditions such as phytohormonal induction. An in vitro study using Nicotiana tabacum (L.) (tobacco) cells found that vacuolar targeted Class I chitinases were secreted when the medium contained 2,4-dichlorophenoxyacetic acid, a synthetic analog of the phytohormone auxin (Kunze et al. 1998) . We therefore speculate that phytohormonal induction of cleavage might explain the differential expression responses seen in fungal and insect interactions (Table 1) . Identifying cellular locations for this Class I chitinase, following biotic challenge, would help to elucidate this, while another important avenue of research involves chaperone proteins, which are known to be involved in the lytic vacuolar pathway (daSilva et al. 2006) . If chaperone protein expression is inhibited, under pathogenesis or phytohormonal induction, then one would expect the default secretion pathway to take precedence.
Recent evolution, clustering and co-expression of chitinases in Eucalyptus grandis
Chitinases within the E. grandis assembly are highly clustered with all but eight putative genes from the 57 chromosomeassigned genes occurring within clusters. Ten putative Class IV chitinases are located within a 130-kb region on chromosome 8 (cluster H-1) ( Figure 5A ). Furthermore, the high degree of sequence similarity suggests that they have arisen from recent gene duplication events. The translated sequences of these chitinases differ in some cases by only a few amino acids and yet significant differential expression is evident between susceptible and resistant plants in response to fungal challenge (Table 1B) . The duplication and divergence of these gene sequences allows for accumulation of variation and perhaps new roles (Passarinho and DeVries 2002) . A cluster of 14 Class V chitinases on chromosome 3 (cluster C-1) occurs within 316 kb and includes significantly up-regulated transcripts in both biological treatments.
Three putative Class II chitinases on chromosome 9 are present within a region that is~212 kb in size ( Figure 5B ). At least three protein-kinase LRR genes are co-located with these chitinase genes. We did not determine significant expression within this cluster (cluster I-1); however, the co-linear presence of two major defense gene family groupings, GH19 chitinases and kinase LRR, is intriguing and perhaps suggests that this region may provide an active transcriptional zone in response to pathogens. The genomic co-location of functionally related genes has been previously noted in plants, particularly among genes for defense and secondary metabolites, with the implication that they are co-transcribed in response to stimulus Bowles 2004, Field and Osbourn 2012) .
Differential expression patterns in resistant and susceptible Eucalyptus grandis clones
We determined the significant up-regulation of putative chitinases in response to two biotic stressors. An additional transcriptome data set was also investigated for comparative expression of putative chitinases within fungal challenged eucalypts (Chen et al. 2015) . The study reviewed expression within resistant Eucalyptus tereticornis x E. urophylla challenged with Calonectria pseudoreteaudii (L.) Lombard, M.J. Wingf. & Crous 2010, which causes leaf blight. Gene identifiers and accompanying data for putative chitinases were extracted from significantly differentially regulated gene lists at 24 h post-inoculation (C.p. in Table 1 ).
Expression was significantly up-regulated across all biotic treatments for the single Class IA, a Class IV (Eucgr.H00321) and a Class V chitinase (Eucgr.C00395), suggesting that these genes are important in defense against both pests and pathogens. Expression of the Class IA chitinase was highly upregulated across all biotic treatments (Table 1) , and in comparison with all other chitinase genes, therefore identifying it as a candidate gene of importance ( Figure 6 ). Validation of Class IA chitinase expression, within the C. austroafricana (fungal) study, using qRT-PCR confirmed these transcriptome results (see Figure S2A and B available as Supplementary Data at Tree Physiology Online). In an experiment with Isobaric tags for relative and absolute quantitation (iTRAQ) conducted in our laboratory, the Class IA chitinase protein was up-regulated following inoculation with C. austroafricana, but not wounding, supporting a role in pathogen defense (L. Zwart, unpublished) . In accordance with these findings, C. equisetifolia, Class IA chitinase expression was significantly up-regulated in leaves in response to pathogen but not to wounding (Veluthakkal and Dasgupta 2012) .
Of additional interest was the very high constitutive expression of the Class IA chitinase within the fungal study ( Figure 6A ) in comparison with the L. invasa (insect) study ( Figure 6B) . As an example, baseline expression levels within resistant control plants from the insect study were relatively low (mean log 2 of FPKM value = 2.7, Figure 6B -RC), compared with resistant plants in the fungal study (mean log 2 of FPKM value = 107.7, Figure 6A -RC), indicating that these baseline levels play a role in fungal resistance. Up-regulation was also much greater within the fungal study (mean log 2 of FPKM value = 409.1, Figure 6A -RI) compared with the insect study (mean log 2 of FPKM value = 12.7, Figure 6B -RI), in line with previous findings that indicate the role of gall insects in systemically suppressing defense (Tooker et al. 2008) . Indeed, the selection of traits for fungal or insect resistance would necessitate variation in genotype, as appears evident here, and indicates that breeding for combined traits is an important consideration. Nevertheless, both insect and fungal inoculation clearly stimulate a significant increase in expression. The lower induction of chitinases from L. invasa challenged clones provides further evidence for the proposal of host defense manipulation (Tooker et al. 2008 ).
We identified multiple chitinase genes within physical clusters that were up-or down-regulated following biotic challenge. While one would expect that physically clustered genes might simply indicate transcriptionally active sites, we note that Class IV genes in cluster H-1 under C. austroafricana challenge show different and specific genes up-regulated in resistant plants in comparison with susceptible plants (Table 1) . Also interesting is the presence of a cluster (A-1) that is significantly downregulated in response to L. invasa and yet one of these Class IV genes is significantly up-regulated in resistant plants in response to both fungal treatments. A similar response is seen at cluster C-4, where two Class V genes are significantly up-regulated in response to fungal challenge and yet, in susceptible plants, one of these genes is down-regulated in response to L. invasa.
While expression was significantly up-regulated across all biotic treatments for the single Class IA, a single Class IV (Eucgr. H00321) and Class V chitinases (Eucgr.C00395), suggesting that these genes are important in defense against both pests and pathogens, it should also be appreciated that samples were taken from stems 3 dpi for C. austroafricana, from leaves 24 h postinoculation for C. pseudoreteaudii and from leaves 7 days postinfestation for L. invasa. Comparisons between these biotic challenges are perhaps less meaningful than comparisons between resistant and susceptible plants within treatments, although other studies have identified similar trends. For example, Class IA chitinase in fungal challenged C. equisetifolia showed the highest levels of induction at 48 h post-inoculation (Veluthakkal and Dasgupta 2012) . It has also been noted in Panax ginseng C.A. Mey that Class I chitinase expression reaches the highest upregulation within 12 h of biotic exposure (Pulla et al. 2011) . In oil palm (Elaeis guineensis Jacq.), expression responses continued to increase for a Class III and Class V chitinases up to 12 weeks post-inoculation with pathogenic fungus (Yeoh et al. 2013) ; however, there was no apparent difference to Class I chitinase, perhaps due to the timing of sample collections (at 3, 6 and 12 weeks). These studies suggest that future studies within E. grandis should monitor chitinase expression at daily intervals from 24 h post-inoculation/infestation through to 1 week. For the single Class IA chitinase, all treatments were significantly upregulated (Table 1) , despite these time-scale variations.
Roles in chitin perception
Predicted TM regions in E. grandis chitinases were identified in Class IV (seven), Class II (one), Class III (seven) and Class V (nine) sequences (Table 1) . Class III (three) and Class V (one) gene models possess large intracellular catalytic regions, while the remainders have extracellular catalytic regions. The predicted chitinases with extracellular catalytic regions may have a role in binding and cleaving chitin on the cell surface. Alternatively, they may be important for lysozomal activity within autophagic vesicles, which are thought to fuse with the vacuole (Chung 2011) . If these enzymes are important for lysozomal degradation of proteins (Brunner et al. 1998) , it is conceivable that the TM motif acts as a means of targeting to the vacuole, through vesicle fusion, as vacuolar targeting sequences were not identified in these sequences. Many of these predicted membrane-bound chitinases, however, possess catalytic active sites that are required for chitin cleavage, though in some this region is truncated. Perhaps, the presence of these predicted membrane-bound chitinases in E. grandis indicates a role in perception and response initiation as determined for chitin oligosaccharide elicitor-binding protein in rice (Kaku et al. 2006) . The presence of slightly truncated catalytic regions in some membrane-bound chitinases (for example, Eucgr.L03478) may indicate a role in ligand binding, rather than cleavage, and further roles, such as potential signal transduction, would be interesting to investigate. One possibility is initiating receptor-mediated endocytosis by internalizing chitin fragments and stimulating further defense transcription (Leborgne-Castel et al. 2010) . Deletions within GH19 catalytic sites of some non-membrane bound chitinases, for example Eucgr.L00941, which is highly significantly up-regulated in C. austroafricana challenge, indicate that active sites may be absent or reduced. It is therefore not clear whether they are involved in chitin degradation or whether they warrant scrutiny for alternative roles. The defensive up-regulation of chitinase-like proteins, with missing catalytic regions, has been previously reported and suggested to be the result of duplications leading to alternative functions (Kesari et al. 2015) . A previous study identified the inhibitory nature of the chitin-binding domain on fungal hyphal development without the presence of a catalytic
Tree Physiology Online at http://www.treephys.oxfordjournals.org domain (Garcia-Casado et al. 1998) . Certainly, chitinases are identified as regulating developmental stages of plant growth, particularly during embryogenesis and fruit ripening, though their specific role is not clear (van Hengel et al. 1998 , Peumans et al. 2002 . A membrane-bound chitinase-like protein (Brittle Culm15), which contains a truncated Class II GH19 domain, was identified in rice and found to play a role in cellulose biosynthesis (Wu et al. 2012 ).
Additional domains in Eucalyptus grandis chitinases
Some putative E. grandis chitinases incorporate additional domains such as a fused Legume Lectin domain in the Class II chitinase, Eucgr.I02271, which was down-regulated in fungal interactions (Table 1 ). This domain, involved in binding to mannose sugars, is present as an extracellular domain within receptor-like kinases of rice blast resistance genes (Chen et al. 2006 ). An N-terminal cyclin-dependent kinase inhibitor 3 (CdkN3) domain is associated with the Class III chitinase (Eucgr. K00313). As chitinases are indicated to have a role in programmed cell death (Passarinho and DeVries 2002) and the induction of SAR , it is conceivable that the presence of a domain involved in inhibition of cell division may be a consequence of the immune response to fungal infection. The CdkN3 protein has a role in regulating human cancers, although a role in plants has not been established (Xing et al. 2012) . The ornatin domain (glycoprotein antagonist) (Eucgr. L00939) from Class II chitinase and Arr-ms domain (Rifampin ADP-ribosyl transferase) (Eucgr.A00021 and Eucgr.H00320) from Class IV chitinases also suggest that these proteins may possess hitherto uncharacterized roles in host immune responses. The Class II chitinase (Eucgr.L00939) was significantly up-regulated in all fungal interactions. The Class IV chitinase (Eucgr.A00021) was only significantly up-regulated within resistant clones in response to fungal interactions and significantly down-regulated in response to insect.
Conclusions
Chitinase enzymes in woody plants have been less well studied than in herbaceous plants. Here, we provide evidence, within the E. grandis genome assembly, for 67 chitinase gene models within two families: glycosyl hydrolase 18 and 19. We note that, although the E. grandis genome has an expanded chitinase gene family, only a single putative Class IA chitinase is present, unlike the genomes of P. trichocarpa and H. brasiliensis. Known to be up-regulated in response to biotic stress in other species, we identified and validated the single Class IA chitinase transcript to be highly up-regulated in E. grandis following fungal challenge, and there is further evidence that the protein levels are elevated under these conditions from recent unpublished work. We propose that the single Class IA chitinase is differentially secreted or vacuolar targeted based on the presence of biotic stressors. Further to this, we determined that many chitinase genes are closely physically clustered and that genes within clusters are co-expressed under biotic challenge. Our study has used the most recent functional genomics data available to identify key genes involved in defense. These results provide the basis for future gene characterization and the development of targeted responses to pests and diseases within an important forestry species.
